POWERING INTELLIGENTLY
The predominance of battery-operated, wireless handheld devices motivates the efficient and robust use of a limited energy supply. Managing battery life and safety of the system are critical design constraints for portable systems. Battery-Aware Task Scheduling (BATS) techniques have been used to ensure longer usage of a battery, while considering discharge/recharge characteristics. Smart batteries to manage the safety of battery packs have been deployed to manage concerns about high temperature, overdischarge, and overcharge (see the sidebar).
A paradigm shift to these traditional approaches would involve deploying a smarter battery into the system. Such an intelligent battery would manage the discharge or recharge of the cells while ensuring battery life. Battery safety is also managed to ensure robustness and reliability. Toward this direction, this article presents IntellBatt, an intelligent battery cell array (IBCA) design. The proposed design uses multiple cells and a management unit that ensures battery life and safety. Using an IBCA organization provides the following distinct benefits: (1) closely monitors cell status; (2) dynamically selects cells to match the device requirement, reducing loss in DC-to-DC converters or similar voltage and/or power regulators; (3) exploits charge recovery effect in cells, thereby giving advantages over monolithic batteries; and (4) provides the possibility of preprogramming the discharge pattern if the current profile is stable and known a priori. IntellBatt assumes no knowledge of the device as such and hence is applicable for any battery-operated portable consumer electronics equipment. IntellBatt can operate in either a standalone fashion or can be combined with BATS techniques for maximum advantage. Simulation and experimental results presented in this article demonstrate the observed improvement.
The highlights of this article are as follows:  The design of the proposed IntellBatt is presented, which is a novel intelligent battery cell array design that consists of multiple cells and a management unit.  A simple and high-performance cell selection algorithm is presented that provides functionalities like cell selection, monitoring, and scheduling previously not considered.  The proposed design is demonstrated via simulation using available accurate battery models and typical application traces and further enhancement of battery life by combining its operation with BATS approaches.
INTELLBATT
IntellBatt is composed of three different components: cells, cell switching circuit (CSA), and battery cell array manager. Detailed information on their function and operation is presented in later parts of this section.
BATTERY CELL ARRAY STRUCTURE
The IBCA consists of three components. Figure 1 illustrates the envisioned system. The cells in IntellBatt are organized into banks of cells that are connected to the main terminals of the IntellBatt via a CSA. The IBCA manager manages the cells and determines their interconnection based on the required system load current. The SMBus interface 7 between IntellBatt and the system will provide for information exchange between the two entities. For simplicity, the SMBus implementation is ignored for the purpose of this research. The following sub-sections detail the structure and operation of the IBCA components.
INTELLBATT CELLS
The cells are organized as a collection of banks connected in series among themselves. Inside each of the banks there can be one or more cells connected in parallel to provide the required current rating from a selected bank. If the device has a rated voltage requirement V dev and each cell has voltage V cell , then the number of banks required is V dev /V cell . For applications like laptop computers, with standard V dev = 10.8V ~ 11.1V and standard lithium (Li) cells with V cell = 3.6V ~ 3.7V, there is a need for three banks of cells. For smaller devices like a portable DVD player or wireless media players with V dev = 7.2V ~ 7.4V, the number of banks that 
BATTERY-AWARE TASK SCHEDULING
Battery-aware task scheduling is another approach to optimize battery lifetime. In this scheme, to ensure that battery lifetimes are considered during system operation, tasks are scheduled while considering battery charge or discharge patterns. Chowdhury and Chakrabarti 1 presented a task-scheduling scheme that utilizes battery model information. These techniques attempt to tailor the current profile of the device to match the optimum discharge rate of the battery. Similarly, battery pack scheduling on the system side has been explored by Asumadu et al. 2 To contrast these existing system-side battery management techniques, the current article proposes the deployment of smarter batteries to self-manage lifetime.
would be needed is two. Typical battery packs uses 3 to 12 cells organized in a series or parallel combination as required. These cells provide the required load current for the target battery-operated system via the CSA.
CELL SWITCHING CIRCUIT (CSC)
The CSC connects cells to deliver the required current to the target system in which IntellBatt is installed. CSC configuration is performed by the IBCA manager with a code word. The CSC has to be designed to ensure the following for the IntellBatt:  Connect cells in banks, specified via a code word from the IBCA manager to the output terminals of IntellBatt;  Provide rapid switch reconfiguration (order of picoseconds); and  Support the current drawn by the system without incurring significant losses in the switch. Figure 2 shows the detail structure of the cell switching circuit. It is a matrix of two power transistor switches that can be turned on and off by a control signal. Any cell can be connected to any bank by activating the switch at the intersection of the bank and the cell.
IBCA MANAGER
The IBCA manager is the core of the IntellBatt system. It provides the following functionalities: monitors cell status, schedules cells for load current delivery, and ensures the safety of the IBCA.
MONITORING
The monitoring logic in the IBCA manager keeps track of the following parameters for each cell: delivery voltage, delivery current and operating temperature. These values are used to ensure safety and to make scheduling decisions. High-speed and ultra-low-power sensing circuits 9, 10 are available so that they do not increase the load on IntellBatt.
CELL SCHEDULING
IBCA Manager performs cell scheduling based on two aspects of rechargeable cells: discharge cycle length and total battery life. Discharge cycle length refers to the duration for which the fully charged cell can deliver the required current. This parameter is important for handheld and portable devices because the ability to run longer in a single charge cycle is desirable. Battery life refers to the number of discharge cycles achievable before the battery becomes unusable.
The main properties of Li ion cells that affect the lifetime and performance of the cell are discharge current, discharge condition such as temperature, variation in the discharge current, and charge recovery effect. In general, the higher the discharge current, the lower the charge delivery capability of the cell. The optimum discharge current is a property of the cell's composition. Environmental conditions like high (> 45 °C) or low temperature (< 10 °C) have been found to reduce the capacity of the cell. 8 If the discharge reaction is slower than the optimum rate (dependent on cell geometry), it results in substance buildup, which can clear if the cell is idle for a while. This effect is known as charge recovery and is exploited in IntellBatt.
Considering the aforementioned IBCA manager objectives and cell-limiting properties, the cell selection problem for efficient battery management can be formulated as follows: The minimum voltage needed in a bank is given by Vmin. I max is the safe limiting current that can be drawn from the cell safely; i.e., not causing a short circuit. V cutoff is the discharge limit beyond which the cell should not be discharged; failing to do so may lead to an adverse reaction in a cell and lead to a safety hazard. At least one cell in each bank is necessary to maintain the output voltage level. If there are n available cells and k banks, the problem can be formulated as the determination of a subset of all possible k clusters. The total possible solution without the constraints is O( k n k n C * ). To limit search time in the large solution space, we use a simplified algorithm (Cell Select) to approximate the solution.
Algorithm Cell Select (see sidebar) works based on the simple principle that all banks need at least one cell and the total minimum voltage of the series of banks needs to be higher than a specific minimum depending on the device that is using the battery. This internally translates into derived minimum voltage for a cell while being allocated to a bank. Algorithm Cell Select takes care of this by placing the cells in descending order of voltage to each bank one by one. This step (2: in the algorithm sidebar) ensures that maximum possible series voltage is obtained. Based on the charge state of each cell the internal resistance varies and causes voltage drop. This is reduced by step 3: in the algorithm. This allocates additional cells in a bank if its voltage is low and does so from the lowest bank voltage thus improving the neediest bank first.
The frequency of the cell selection process is governed by the chosen scheduling scheme. Two different scheduling schemes are possible: periodic or adaptive. In periodic scheduling, the cell selection operation is performed periodically independent of the change in state since the last selection operation. In adaptive scheduling, on the other hand, the cell selection operation interval is determined at run time.
SAFETY
Our proposed IBCA manager continuously monitors cell parameters like voltage level, temperature, and current. Unlike traditional smart batteries, which need to disconnect the power supply, the IBCA manager can shuffle the cells to control heat, current, etc. Thus, it provides right voltage and current, ensuring safe and non-interrupt operations 1 . 
Algorithm Cell Select -------------------------------------------------

EVALUATION EXPERIMENTAL SETUP
IntellBatt optimizes cell utilization based entirely on knowledge of cell states and the load current. So it is necessary to obtain a realistic current drain profile using a real device for proper evaluation of the effectiveness of IntellBatt. The current profile used in the IntellBatt evaluation was obtained by using the experimental setup illustrated in Figure 3 . In this case, the device is a portable DVD player, and the battery is 7.2V Li-Ion battery. The device current is redirected through a low-resistance shunt, and the voltage across the shunt is measured using a data acquisition device. The profile obtained in this experiment is used in the successive simulation of IntellBatt system as shown in Figure 3 .
CELL MODEL
In the simulation environment, the cell model is used to mimic the behavior of a real cell. There are three types of cell models in the research literature: electrochemical, stochastic, and analytical. Electrochemical models are the most accurate and complex. Doyle et al. presented an electrochemical model 3 of a lithium cell, which is by far the most accurate model available. 4 Though the electrochemical model is the most accurate cell model available, it is limited by its speed. Benini et al. proposed a discrete time battery model for fast computation and quick estimation of battery lifetime. 5 More recently, Chen and Mora proposed a simpler model for lithium polymer cells. 6 This model can estimate the cell voltage with an accuracy of within 0.4 percent of Dualfoil 3 estimate.
SIMULATING THE DESIGN
The IntellBatt simulator (see Figure 3 bottom) was build using SystemC using the following components: (i) IBCA Manager: The IBCA manager is the main module that simulates the cell scheduling and safety algorithms. (ii) Current Sensor: This module feeds the recorded current profile to the IBCA manager and behaves like an analog-to-digital converter (ADC) measuring the current. (iii) Cell Switch: This module computes the current through each cell based on the code-word configuration input by the IBCA manager. These currents are used to update current usage in the appropriate cell modules in the design. (iv) Cell: Each cell module simulates a Li ion cell using the model proposed by Chen and Mora 6 combined with the charge recovery model proposed by Rao et al. 11 This model computes the current cell voltage and writes it to the IBCA manager, hence mimicking the behavior of a real cell with voltage sensors.
EVALUATION OF THE RESULTS
Using the load current trace from a portable DVD player in the IntellBatt simulation environment, the following experiments were performed for evaluation:  Justification for the use of multi cell batteries,  Performance comparison against BATS  Effect of cell scheduling scheme on IntellBatt operation  Determination of a cell scheduling interval for IntellBatt.
IS A MULTI-CELL BATTERY BETTER?
In this experiment, the number of cells in the battery pack was increased without changing the total capacity. The use of a smallercapacity cell improves safety, 12 and the cell is easier to manufacture. A pack of multiple batteries benefits from the recovery effect (Figure 4) . In a scenario of constant load current, the benefit of adding additional cells into a multi-cell battery to exploit charge recovery effect saturates at 22 percent. The additional idle periods provided by the addition of cells begin to plateau after seven cells.
WITH BATTERY-AWARE TASK SCHEDULING
Battery Aware Task Scheduling (BATS) approaches tailor the application current profile to battery characteristics to enhance battery life. On the other hand, IntellBatt manages the cell scheduling within the battery cell array to maximize battery life. These two techniques can either be used independently or be combined for further performance improvement.
For this comparison, a BATS algorithm illustrated in the sidebar was used. The experiment determined the final voltage available in the battery. Figure 5 compares the performance in the cases of no battery management, standalone BATS, standalone IntellBatt, and BATS + IntellBatt. In the case of a single-cell battery, BATS outperforms IntellBatt because there is no scope of cell scheduling; whereas in other cases, it performs just as well. When combined, IntellBatt compensates for scenarios when BATS is unable to tailor application current traces for battery life maximization. Dynamic scheduling was used with varying period to determine the effect of idle period length on charge recovery and the discharge cycle time. Too frequent or infrequent scheduling does not allow charge recovery effect to improve battery performance. Figure 6 demonstrates the effect of cell scheduling frequency on IntellBatt discharge time. For the chosen application, the ideal scheduling frequency was found to be 100 seconds.
BEST SCHEDULING FREQUENCY
INTELLBATT OVERHEAD
The overhead of a battery cell array based design is determined in terms of area, power, and delay. Area is not a concern since the IBCA manager and the CSC are implemented on the board level. Power and delay overheads due to the CSC are compensated by the overall benefits of the IntellBatt. The power consumed in the IBCA manager is orders of magnitude less than that of the CSC, which is of the order of microwatts.
SUMMARY AND CONCLUSIONS
In this article, IntellBatt, a novel Intelligent Battery Cell Array design has been proposed to offload battery management responsibilities from the system onto the battery. By using multiple cells and an intelligent battery cell array manager, IntellBatt exploits the charge recovery effect of cells combined with a cell scheduling scheme to deliver the required load to the system while enhancing battery lifetime. Besides this support, IntellBatt also addresses safety concerns due to the use of multi cell battery packs. IntellBatt can either be used standalone or can be combined with traditional battery-aware task scheduling approaches to further enhance battery life for a portable battery operated system. Our evaluation with actual current traces, obtained from a portable DVD player, demonstrated the benefit of using multiple cells and cell scheduling schemes. Future research activities in this direction will focus on a hardware prototype of IntellBatt to further validate functionality.
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INTELLBATT AND FUEL CELLS
Fuel cell technology is fast developing as the next-generation energy source. In this section, the applicability of IntellBatt-like designs to manage fuel cell batteries is examined.
Fuel cell-Li-ion cell analogy: Figure 7 shows the key similarity points of Li-ion cells and fuel cells. Similar to the charge recovery characteristic of Li ion cells, fuel cells respond to cell temperature. The chemical reaction in a typical fuel cell is exothermic; hence, the temperature of the cell increases with usage. With increased temperature, the efficiency of the cell goes down after a certain optimum point. In addition, smaller and less-capacity cells are easier to manufacture and are cheaper. A larger number of smaller cells can perform better than one large cell. 
